Electric-field-induced birefringence of a polymer-stabilized blue-phase liquid crystal ͑BPLC͒ is investigated. In the low field region, conventional Kerr effect holds. As the electric field increases, the induced birefringence gradually saturates and deviates from Kerr effect. An exponential convergence model, called extended Kerr effect, is proposed to fit the experimental data. Good agreement between experiment and model is obtained. This extended Kerr effect will make a significant impact to the optimization of emerging BPLC display devices. © 2010 American Institute of Physics. ͓doi:10.1063/1.3318288͔
gence. The whole system was built on a floating optical table to minimize any environment-induced fluctuation. Figure 2 depicts the measured refractive index change ͑␦n͒ of the BPLC cell under different voltages.
In a voltage-off state, the BPLC is optically isotropic. Its refractive index can be written as follows: 12 n iso = ͱ ͑2n o 2 + n e 2 ͒/3, ͑1͒
where n o and n e are the ordinary and extraordinary refractive indices of the LC composite, respectively. When the birefringence is small, Eq. ͑1͒ can be approximated by:
n iso Ϸ ͑2n o + n e ͒/3. ͑2͒
To validate this approximation, let us assume the LC composite has n o = 1.50 and n e = 1.70. The difference between Eqs. ͑1͒ and ͑2͒ is only ϳ0.2%. When an electric field is applied, birefringence is induced. The optic axis of the induced refractive-index ellipsoid is along the electric field direction. For the PS-BPLC, the induced birefringence is due to the local reorientation of the molecules; 1 therefore, it is quite reasonable to assume that the average refractive index keeps constant at any electric field
Here, n o ͑E͒ and n e ͑E͒ are the field dependent refractive index perpendicular and parallel to the electric field, respectively. With this assumption, the refractive index change un- der an electric field can be expressed as follows:
correlates the refractive index change we measured with the induced birefringence. The induced birefringence ͑⌬n ind ͒ of PS-BPLC under an external electric field is governed by Kerr effect as follows:
Here, is the wavelength, K is the Kerr constant, and E is the amplitude of the electric field. Equation ͑5͒ is valid only in the low electric field region; otherwise, it leads to a divergence as E keeps increasing. Physically, the induced birefringence cannot exceed the intrinsic effective birefringence of the BPLC composite when all the LC directors are reoriented by the strong electric field. To avoid divergence of the induced birefringence in high field region, a saturation field ͑E s ͒ has been introduced and Eq. ͑5͒ modified as follows:
where ͑⌬n͒ o denotes the maximum induced birefringence of the LC composite. For the convenience of discussion, let us refer Eq. ͑6͒ as truncation model. In the truncation model, the induced birefringence is described as ⌬n ind = ͑⌬n͒ o ͑E / E s ͒ 2 when E Ͻ E s and ⌬n ind = ͑⌬n͒ o when E Ն E s . Such an abrupt change in the induced birefringence serves the purpose to prevent divergence, but in reality as the electric field increases the induced birefringence will gradually saturate because all the LC directors will be eventually reoriented by the electric field.
In Fig. 2 , the measured refractive index change is linearly proportional to E 2 as expected from Kerr effect in the weak field region. As the electric field increases, the induced refractive index change ͑␦n͒ gradually saturates. To explain this trend, higher order electro-optical effects have been considered. 13 For a centrosymmetric crystal, the odd-order terms vanish due to the inversion symmetry, and only the even-order terms remain. Including the fourth-order term, the refractive index change can be written as follows:
where K 1 and K 2 are the Kerr constant and fourth-order coefficient, respectively. Equation ͑7͒ is used to fit the experimental data with K 1 and K 2 as adjustable parameters. As depicted in Fig. 2 , the fitting ͑red curve͒ is good when E 2 is below 200 V 2 / m 2 . However, above this field the fourth-order term begins to dominate and the curve eventually bends down because Eq. ͑7͒ is a downward parabola if K 2 is negative. To avoid this bending-down phenomenon, one may further include the sixth-order term. Indeed, the fitting ͑using K 1 , K 2 , and K 3 as adjustable parameters͒ is very good in the entire region ͑blue curve͒. Nevertheless, this curve predicts a fast divergent trend in the high field region, as shown in Fig. 2 .
To explain the saturation trend of our experimental data, we propose the following exponential convergence model:
͑8͒
where ␦n sat stands for the saturated refractive index change and E s represents the saturation field. We used Eq. ͑8͒ to fit the experimental data leaving ␦n sat and E s as adjustable parameters. The fitting with the experimental data is quite good in the entire region and, more importantly, it shows anticipated saturation trend in the high field region. For convenience, we call this convergence model as extended Kerr effect.
It is interesting to note that if we expand Eq. ͑8͒ into power series, we will obtain the E 2 term ͑Kerr effect͒ under weak field approximation and the Kerr constant can be written as follows:
The fourth-and the sixth-order terms become increasingly important as E increases. However, the inclusion up to the sixth-order term still does not lead to the saturation phenomenon in the high fields, as shown in Fig. 2 .
The parameters obtained through fitting are ␦n sat = 0.038 and E s = 13.9 V / m. The employed LC host has an intrinsic birefringence of 0.272. Taking into account the LC concentration ͑ϳ50%͒ and the factor of 1/3 shown in Eq. ͑4͒, the obtained refractive index change is still ϳ18% smaller than the ideal value, which is 0.045. This difference could be attributed to following two factors: ͑1͒ a portion of LC is embedded in the polymer network, and some BPLCs are strongly anchored by the nanostructured double-twist cylinder boundaries so that they do not respond to the electric field, and ͑2͒ the relatively low clearing temperature ͑ϳ60°C͒ of the PS-BPLC so that the order parameter at the room temperature ͑ϳ23°C͒ is reduced accordingly. 14 To validate the extended Kerr effect in a real display device, we incorporated Eq. ͑8͒ into our simulation program 5 and tried to fit the experimental VT curve reported in Ref. 11 in an IPS cell with 5 m electrode width and 10 m electrode gap. Here, the induced birefringence ͑⌬n ind ͒ instead of the refractive index change ͑␦n͒ is used. Fitting is achieved by adjusting ⌬n sat and E s , where ⌬n sat is the maximum induced birefringence. For comparison, the fitting result using FIG. 2 . ͑Color online͒ Measured refractive index change ͑circles͒ and fittings with Eq. ͑6͒ ͑black straight lines͒, Eq. ͑7͒ ͑red parabolic lines͒, the model including second, fourth, and sixth order terms ͑blue upward lines͒, and the extended Kerr effect Eq. ͑8͒ ͑magenta convergent lines͒.
the truncation model ͓Eq. ͑6͔͒ is also included in Fig. 3 . The fitting using the extended Kerr effect ͑red curve͒ matches better with the experimental data than the truncation model ͑dashed blue lines͒. The slight mismatch below 20 V is due to the poor dark state of the experiment. Through fittings, we find; ⌬n sat ϳ 0.068 for both cases and E s ϳ 2.02 V / m which implies to a Kerr constant K ϳ 2.63ϫ 10 −8 m / V 2 in the low voltage region. On the other hand, the Kerr constant obtained using the truncation model is 1.62ϫ 10 −8 m / V 2 . A larger Kerr constant leads to a higher transmittance in the low voltage region. Besides, the slower increase in induced birefringence at high voltage region results in a smoother transition near the peak transmittance.
In conclusion, the electro-optical properties of a PS-BPLC are investigated. The experimental results reveal that the refractive index change follows the Kerr effect in the low field region but gradually saturates as the electric field keeps increasing. To explain this trend, an extended Kerr effect is proposed, which correctly predicts the saturation phenomenon in a test cell and fits well with the VT curve of an IPS display device. Potential application of this extended Kerr effect for optimizing PS-BPLC displays is foreseeable. FIG. 3 . ͑Color online͒ Model fittings with experimental data ͑circles; Ref.
11͒ of an IPS cell using the truncation model ͑dashed blue lines͒ and extended Kerr effect ͑solid red lines͒.
